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Abstract Recent studies show that human osteoclasts develop in vitro from hematopoietic cells; however, special 
cultures conditions and/or cytokine mobilized peripheral blood are apparently required. Here, we report that cells 
expressing osteoclast markers differentiate from precursors present in nonmobilized peripheral blood mononuclear cells 
(PBMC), without the addition of stromal cells, growth factors, cytokines or steroids; and characterize their phenotype. 
Three days after establishing high-density PBMC cultures (1.5 x 10 6 cells/cm 2 ), in serum-containing medium, small 
adherent colonies of tartrate resistant acid phosphatase positive (TRAP+) cells emerge, amidst massive monocyte cell 
death. These adherent cells have an eccentrically placed, round nucleus, and express low levels of TRAP and sodium 
fluoride- resistant- a-naphthyl-acetate-esterase (NaF-R-NSE). Over the next week, this cell population accumulates 
phenotypic markers of osteoclasts (vitronectin receptor [VR], calcitonin receptor, TRAP, cathepsin K protein, and mRIMA) 
with increased nuclearity, covering the entire surface by 15 days. When cultured on bone, VR+, TRAP+ cells of low 
multinuclearity appear and cover up to 50% of the surface. Resorption lacunae can be observed by day 22. Although 
these pits are not nearly as numerous as the cells of preosteoclast phenotype, they do represent the activity of a subset of 
osteoclast- 1 ike cells that has achieved osteoclastic maturity under these culture conditions. Transcripts for osteoprote- 
gerin ligand (OPGL), an osteoclast differentiation factor (also known as RANKL and TRANCE) are expressed, likely by 
adherent cells. Thus, an adherent population of cells, with preosteoclast/osteoclast phenotypic properties, arises 
selectively under simple culture conditions from normal PBMC. Further characterization of these cells should identify 
factors involved in the growth, terminal differentiation and activation of osteoclasts. J. Cell. Btochem. 72:67-80, 
1999. «1999Wiley-Liss, Inc. 
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Osteoclasts are the mononuclear or multi- 
nucleated cells that resorb bone [Kaye, 1984; 
Marks and Popoff, 1988; Fuller and Chambers, 
1987; Sarma and Flanagan, 1996]. The nature 
of osteoclast precursor cells has intrigued re- 
searchers for years. Early studies involving 
chick-quail chimeras [Kahn and Simmons, 
1975], parabiotic animals [Walker, 1973], and 
bone marrow transplantation in osteopetrotic 
animals [Walker, 1975] and children [Coccia et 
al., 1980] have shown that osteoclast precur- 
sors originate in hematopoietic tissues. More 
recent evidence indicates that osteoclasts de- 
velop from the pluripotent hematopoietic stem 
cell [Sheven et al., 1986; Hattersley and Cham- 
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bers, 1989; Hagenaars et al., 1989; Matayoshi 
etal.. 1996]. 

Recently, the generation of human osteo- 
clasts from a variety of sources, including granu- 
locyte-colony stimulating factor (G-CSF) mobi- 
lized peripheral blood [Purton et al., 1996; 
Matayoshi et al, 1996], diseased [Gregoretti et 
al., 1995] and normal peripheral blood/mouse 
stromal cell cocultures [Fujikawa et al., 1996], 
bone marrow [Sarma and Flanagan, 1996; Rood- 
man, 1995; Kassemetal.. 1991], osteoclastoma 
tissue [Grano et al., 1994; James et al., 1996], 
and cord blood [Roux et aL, 1996], has been 
documented. While these reports have ad- 
vanced our understanding of human osteoclas- 
togenesis, much remains to be learned about 
the precise roles of stromal cells, steroids (such 
as Vitamin D and glucocorticoids, estrogen), 
and cytokines (such as colony stimulating fac- 
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tor-1 [CSF-1]). Although osteoclasts have been 
obtained from G-CSF mobilized blood in the 
absence of stromal cells [Purton et al., 1996; 
Roux et al. , 1 994] , there are no reports of osteo- 
clast generation from normal peripheral blood, 
in the absence of stromal cells [Purton et al., 
1996; MatayoshietaL, 1996]. Functional osteo- 
clasts are reported to form from normal PBMG 
only in the presence of stromal cells such as 
mouse preadipocytic ST2 or rat-osteoblast like 
UMR106 cells, and steroids [Fujikawa et al., 
1996], Furthermore, a systematic characteriza- 
tion of the formation and development of osteo- 
clasts, derived from progenitor cells has not 
been performed, although notable progress in 
this area has been made in rat [Baron et al., 
1986], and human osteophyte bone [Connor et 
al. ( 1995] and osteoclastoma systems [James et 
al. t 1996]. 

The goals of this study were to develop an in 
vitro system that generates human preosteo- 
clasts and/or osteoclasts from normal periph- 
eral blood in the absence of stromal cells; and, 
to characterize the sequence of the cellular phe- 
notypes that are associated with osteoclast de- 
velopment. 

We found that cells with preosteoclast pheno- 
typic properties can form from human periph- 
eral blood mononuclear cell (PBMC) precursors 
when cultured at high density (1.5 X 10 6 ceils/ 
cm 2 ) in alpha minimum essential medium 
(aMEM) + 10% heat inactivated fetal bovine 
serum (FBS). Homogeneous cultures of adher- 
ent cells form in colonies in the presence of 
non-adherent lymphocytes by day 5 when most 
other cells (monocytes) in culture have died. By 
2 weeks, when cultured on plastic, the adherent 
cells are mono-, di-, or multinucleated, and 
display protein and mRNA for the vitronectin 
receptor (VR+), cathepsin K (CathK-f), tar- 
trate resistant acid phosphatase (TRAP+), and 
the calcitonin receptor (CR4-); and, possess a 
sodium fluoride-resistant a-naphthyl acetate es- 
terase (NaF-R-NSE-f ), When cultured on bone, 
in the absence of stromal cells, abundant cells, 
expressing the preosteoclast/osteoclast pheno- 
type are generated and some are capable of 
bone resorption. This system should help iden- 
tify the factors and mechanisms involved in 
human osteoclast progenitor cell development, 
as well as, potentially, those required for ma- 
ture osteoclast function. 



MATERIALS AND METHODS 
Tissue Cultur 

Human mononuclear cells were prepared 
from both leukapheresis product (HemaCare 
Corporation, Sherman Oaks. CA) and heparin- 
ized peripheral blood (PB), with donor consent. 
The leukapheresis product was diluted to 500 
ml with Hanks Balanced Salt Solution (HBSS, 
Gibco-BRL, Gaithersburg, MD), centrifuged 
(460#, 10 min), rinsed and aliquots (12.5 ml) 
layered over Ficoll/Hypaque (F/H) (25 ml, Phar- 
macia, Piscataway, NJ). Following centrifuga- 
tion (460#, 25 min), the interface cells were 
collected, diluted with HBSS and recentrifuged 
(460# 20 min). The cells were then suspended 
in HBSS, counted, recentrifuged (460#8 min), 
and, resuspended in Iscove's Modified Dulbec- 
cos Medium (IMDM; approximately 10° cells/ 
200 ml), supplemented with penicillin, strepto- 
mycin, and glutamine. The cells were stored 
overnight at 4°C prior to use. For PB r heparin- 
ized blood (5 ml) was centrifuged (460# 30 min) 
over F/H (3 ml). The interface cells were col- 
lected and washed twice with alpha minimum 
essential medium ( aMEM) + 10% fetal bovine 
serum (FBS). The cell yields were approxi- 
mately 1 X 10 9 and 1 X 10 7 mononuclear cells 
from one leukapheresis product and 10 ml of 
peripheral blood, respectively. Cells were cul- 
tured in aMEM + 10% FBS (Cansera, Rexdale, 
Ontario, Canada), supplemented with 100 IU/ml 
penicillin, 100 ug/mi streptomycin sulfate, 250 
ng/ml fungisone (Bio WHITTAKER, Walkers- 
ville, MD). Cells were plated at 1.5 X 10 6 cells/ 
cm 2 in 24-well plates or eight-well chamber 
slides (Nunc, Inc., Naperville, IL). Cells were 
fed every 2-3 days, by replacing half the media 
up to day 7. Thereafter, all the media was 
removed and replenished until the end of the 
culture period. 

Osteoclast Resorption Assay 

Circular cortical bovine bone slices (6 mm 
diameter x 0.8 mm) were prepared using a low 
speed diamond saw (Buehler, Evanston, IL), 
and were cultured with the PBMC in 24 well 
plates for up to 3 weeks. Media was removed, 
cells washed with phosphate buffered saline 
(PBS), fixed with 2% paraformaldehyde or ac- 
etone and assessed for tartrate resistant acid 
phosphatase (TRAP) activity or VRs using im- 
muno histochemistry (see below). Cells were 
then removed mechanically after incubating 
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the bone slices in 10% sodium hypochlorite for 
10 minutes; or, by sonication (30 second pulses), 
sequentially, twice in 2% ammonium hydrox- 
ide, twice in distilled water and twice in ac- 
etone. Resorption lacunae were initially visual- 
ized using toluidine blue (0.1%). Photographs 
were obtained using a NIKON MICROPHOT- 
FXA microscope and SONY video printer (Trini- 
tron). The bones were then dehydrated in alco- 
hol, and sputter coated with 30 nm gold using a 
Hummer VII sputtering system (Anatech Ltd, 
Alexandria, VA). Resorption lacunae were visu- 
alized using a JEOL JSM-5200 Scanning Micro- 
scope (Jeol Technics Ltd., Tokyo, Japan). 

Histochemistry 

Every 2-3 days, cells were gently removed 
from the plates using a plastic pasteur pipette 
together with cells in the culture medium. Cyto- 
spin preparations and bones were fixed with 2% 
paraformaldehyde or acetone for 10 minutes 
and stored at room temperature, or 4°C, respec- 
tively. Cells on cytocentrifuge preparations were 
stained with Wright's/Giemsa. For valid com- 
parison of enzyme activity staining for a-naph- 
thyl acetate esterase (NSE), and TRAP (both 
from Sigma, St. Louis, MO) was performed for 
all timepoints, after the experiment was com- 
pleted in a single run using freshly prepared 
reagents according to the manufacturers in- 
structions. The NSE reaction was performed ± 
18 mM NaF because monocyte NSE is sensitive 
to 18 mM sodium fluoride (NaF-S-NSE) while 
NSE present in nonmonocytic cells or special- 
ized monocytes is resistant to NaF (NaF-R- 
NSE) (Sun, 1985). Photographs were obtained 
with a NIKON MICROPHOT-FXA microscope 
and NIKON DX-DB2 camera, using 20 X and 
60 x objectives. 

Antibodies 

Monoclonal antibodies to the VR (2 3c 6) and 
control antibodies (murine IgG 1) were obtained 
from Pharmingen (San Diego, CA). The anti- 
Cathepsin K (CathK) antibody was generated 
in rabbits using a KLH-coupled synthetic pep- 
tide corresponding to a portion of human CathK 
(MYNPTGKA AKCRGYRE1PEGNEK) . This se- 
quence differs significantly from the correspond- 
ing regions of Cathepsin S and L [Bossard et al., 
1996]. The antiserum was affinity purified 
against the peptide as described [Burgess et al., 
1995]. 



Immunocytochemistry 

Acetone-fixed slides, stored at 4°C, were 
equilibrated at room temperature until dry, and 
incubated with normal horse serum for 15 min- 
utes, at room temperature. The slides were 
then incubated for 2 hours at room temperature 
with 23c6 or IgGl at final concentrations of 10 
ug/ml. After rinsing with PBS, the slides or 
bones were treated with 3% H 2 Oz in methanol 
(1:3) for 30 minutes, rinsed, incubated with 
biotinylated horse anti-mouse antibody for 25 
minutes, rinsed, and incubated with avidin- 
biotin-peroxidase complex for 25 minutes. After 
rinsing, DAB-substrate-chromogen solution was 
applied for five minutes. Prior to coverslipping, 
the slides were rinsed and counterstained with 
hematoxylin for one minute, washed with tap 
water, dehydrated in 70% ethanol and absolute 
ethanol, washed with xylene and mounted with 
a cover slip with mounting medium. The bones 
were dehydrated, air dried, and then placed on 
a drop of mounting medium. Slides and bones 
were photographed with a NIKON MICRO- 
PHOT-FXA microscope with a SONY video- 
printer (Trinitron), and NIKON DX-DB2 cam- 
era, respectively. 

Western Blots 

For each timepoint, cells covering approxi- 
mately 6 cm 2 of growth area were collected in 
the culture media by gently scraping with a 
plastic pipette. The cells were centrifuged, and 
lysed with 100 microliters of nonidet P-40 
(Sigma Chemical Company). After centrifuga- 
tion, the nuclei were discarded, and the super- 
natant frozen at -20 °C. Proteins present in 40 
microliters of this cytoplasmic extract, per time- 
point, were separated using SDS PAGE and 
10% gels. Following transfer, the blots were 
probed with the affinity purified anti-cathK an- 
tibodies (12 ug/ml) in the presence and absence 
of competing peptide (3 pg/ml). The primary 
antibody was detected using HRP -conjugated 
anti- rabbit and an ECL kit from Amersham 
(Arlington Heights, 111). 

Calcitonin receptor detection. Slides 
were incubated with 0.4 nM human 125 I calcito- 
nin (specific activity, 2000 Ci/mM, Amersham, 
Arlington Heights, 111.) in otMEM+0.1% BSA 
for 1 hour at room temperature. Specific bind- 
ing was assessed by addition of excess unla- 
beled human calcitonin (at a final concentra- 
tion of 3 x 10? nM) .(Sigma Chemical Company). 
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The cells were then extensively washed with 
PBS, fixed with 2% paraformaldehyde, stained 
for TRAP, covered with Kodak NTB-2 emulsion, 
and developed after a 2 week exposure at -80° C. 

In situ hybridization. Cytocentrifuge 
slides, containing cells from 12 day cultures, 
were rinsed with Ca 4 1 and Mg ; * containing 
PBS, fixed with 0.5% paraformaldehyde in PBS, 
at room temperature, for 2 minutes, washed 
twice in PBS, drained of excess buffer, and fixed 
for 10 minutes in 5% acetic acid in absolute 
ethanol at -20°C. The acid was removed by 
rinsing twice with 95% ethanol, and twice with 
100% ethanol. Slides were air dried and stored 
at -70°C. In situ hybridization was performed 
as described (Wilcox, 1993), using 33 P-labelled 
riboprobes corresponding to nucleotides 1481- 
1797, sense and antisense mouse CR sequence 
(Gb:U18542), and cells counterstained with he- 
matoxylin and eosin. Slides were counter- 
stained with hematoxylin and eosin. In situ 
hybridization to calcitonin receptor (CR) mRNA 
in osteoclasts generated in 7 day day cocultures 
of mouse marrow and ST2 cells [Lacey et al., 
1995], with antisense and sense mouse probes, 
was also performed as a control. 

RNase protection assays* Mononuclear 
cells obtained from leukapheresis product were 
cultured as described above at 1.2 x 10 8 cells 
per 100 mm dish. RNA was collected at the time 
of plating (day 1), and on days 5, 9, 12, 15 and 
18, by first washing the cells with PBS to re- 
move lymphocytes. The adherent ceils were then 
scraped off the dishes in PBS, and pelleted in 50 
mi plastic tubes by centrifugation at 460 x g for 
5 minutes. In a second experiment, cells were 
iysed directly on the plate, RNA was then iso- 
lated using the Qiagen RNeasy Mini Kit (Qia- 
gen Inc., Santa Clarita, CA). The integrity of 
RNA was ascertained by fractionation on a 6.6% 
paraformaldehyde- 1% agarose gel, and stain- 
ing with ethidium bromide to visualize intact 
28S and 18S ribosomal bands. 

RNase protection assays were performed us- 
ing the RPA II kit (Ambion, Inc., Austin, TX) 
and 2 ug of total cellular RNA with 32 P labelled 
RNA probes for human CathK (Gb#U 13665, 
nucleotide numbers (nts) 682-1041); human p3 
(subunit of vitronectin receptor) (Gb#J02703, 
nts 952-1214); human c-src (Gb#M16237, nts 
293-467); human PU.l (Gb#X52056. nts 494- 
700,); human TRAP (Gb#X14618, nts 420- 
608,); human OPGL (Gb#AF053712, nts 371- 
659) and cyclophilin (Ambion). Following an 



overnight exposure, signal was measured using 
a phosphorimager (molecular Dynamics, Sun- 
nyvale, CA) and ImageQuant software. Levels 
of CathK, p3, c-src, PU. 1 TRAP and OPGL were 
normalized to cyclophilin mRNA levels. 

RESULTS 

Previous reports demonstrated osteoclast for- 
mation from G-CSF-mobilized peripheral blood 
(PB) [Purton et aL, 1996], and from CD34 + 
cells purified from G-CSF-mobilized PB [Ma- 
tayoshi et al., 1996] in the absence of stromal 
cells. Our preliminary experiments demon- 
strated that cells with preosteoclast/osteoclast 
morphology form from normal PB, in the ab- 
sence of stromal cells, when peripheral blood 
mononuclear cells (PBMC) are plated on plastic 
or bone, at high density (1.5 x 10 6 cells/cm 2 ). 
Thus, we attempted to characterize these cells 
as they develop over a period of 3 weeks in 
culture. 

On Day 1 1 , bone-adherent ceils express mem- 
brane associated VR, demonstrated by 23c6 
antibody staining (Fig. 1A), and TRAP (Fig. 
IB). Cells on bone, which were predominantly 
mono- and di- nuclear are rounded, or spread, 
with extended cytoplasmic processes (fibroblast- 
like), identical to those described from bone 
marrow for rabbit [Fuller and Chambers, 1987], 
mouse [Domon and Wakita, 1991b; Domon and 
Wakita, 1991a] and human osteoclasts [Sarma 
and Flanagan, 1996] generated in vitro. In con- 
trast to the many multinucleated cells obtained 
when cells are grown on plastic, very few large 
multinucleated cells appear on bone. Due to the 
unevenness of the bone, only some VR+ cells 
are in focus (Fig 1 A). From 30 to 60% of the 
bone surface is covered with TRAP* cells. 

Characteristic resorption pits are present on 
bovine bone slices, in culture, by day 22, 24 and 
31 days, by toluidine blue staining (Fig. 2 A, C 
and D, respectively) and, confirmed by scan- 
ning electron microscopy (SEM) (Fig. 2B). Re- 
sorption pits are limited to a few areas per bone 
slice, and do not correspond to the larger num- 
ber of VR+, TRAP+ cells on the bone. These 
findings suggest that our culture conditions on 
bone are conducive to a limited formation of 
functional osteoclasts, and, a more abundant 
preosteoclastic cell formation. 

Because VR is one marker for preosteoclasts/ 
osteoclasts, cells were examined on cytocentri- 
fuge preparations for the acquisition of other 
osteoclast-related features - TRAP, NSE and 
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Fig. 1. Identification of VR and TRAP expressing cells on cultured bovine cortical bone slices. Mononuclear cells 
from leukapheresis product were grown for 11 days in aMEM+10% FBS on bone slices. Note the presence of VR (A); 
and TRAP expressing cells (B) of mono- and low nuclear ity (arrows point to some examples). For VR immunocyto- 
chemisiry, absence of staining was demonstrated using isotype control antibodies (not shown). Photographs were 
obtained using a NIKON MICROPHOT-FXA microscope. 1 .5 cm represents 50 pm. 
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Fig. 2. Human osteoclasts from PBMC cultures form resorption pits on bone slices. Mononuclear cells, from 
heparinized peripheral blood, were grown on bone slices in aMEM + 10% FBS. Osteoclast mediated pit formation is 
demonstrated on days 22 (A), 24 (C)and 31 (D) by toluidine blue staining of bones, after removal of cells. 
Photographs were obtained using a NIKON MICROPHOT-FXA microscope. B: Scanning electron micrograph of pits 
from (A) demonstrates interruption of the saw marks made on the bone. Scale bar represents 50 pm. 



CathK, beginning at culture initiation until 
about 2 weeks of culture. On day one, PBMC 
include monocytes and lymphocytes (Fig 3A) 
which are uniformly negative for TRAP (Fig 
3B), The predominance of a monocyte derived 
population is confirmed by the presence of 
a-naphthyl-acetate-esterase (Fig 3C), that is 
NaF sensitive (NaF-S-NSE). 

Three days later the cytoplasm of many mono- 
cytes is vacuolated, as massive cell death is 
occurring. A few tiny colonies of cells, remain on 
well washed plates, as well as large cell aggre- 
gates in the medium. Analysis of the adherent 
and non-adherent cells in culture, on cyocentri- 
fuge preparations, reveals cells undergoing mi- 
tosis, as well as a small population of TRAP-/ 
NSE- blasts (Fig 3D), The cytoplasm of a subset 
of cells is TRAP+ (Fig. 3E). Cells with the same 
cytomorphology as TRAP+ cells have NSE (Fig. 
3F) activity, that is resistant to NaF inhibition 
(NaF-R-NSE). The variable staining of morpho- 
logically similar cells in these cultures for TRAP 



and NaF-R-NSE probably represents cells at 
different stages of maturity. TRAP is known to 
be an inducible enzyme, whose expression is 
associated with cell growth/activation and dif- 
ferentiation [reviewed in Drexler and Gignac, 
1994], TRAP and NaF-R-NSE activity increase 
with longer time in culture (compare Fig. 3B, E 
and H; and Fig. 3C, F and 1). After day 3, cells 
with identical morphology stain for NaF-R- 
NSE and NSE, demonstrating the absence of 
typical monocytes. 

By day 15, the adherent cells on plastic, are a 
homogeneous population of mono- and multi- 
nucleated cells (Fig. 3G), most of which stain 
intensely for TRAP (Fig. 3H), and NaF-R-NSE 
(Fig. 31) (observed within cytoplasmic gran- 
ules). Variable cytoplasmic staining suggests 
ceils of differing maturity. It is not possible to 
distinguish between old cells, whose expression 
of NSE has declined and/or lost resistance to 
NaF, and, immature cells that are still forming. 
Non adherent lymphocytes are also present, 
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Fig. 3. The progression and development of cells with osteo- 
clast markers, isolated from human blood leukapheresis prod- 
uct in vitro. Mononuclear cells, isolated from leukapheresis 
product by Ficoll/Hypaque separation, were seeded onto 24 
well plates at 3 x 10 6 cells/ml at 1 .5 x 10 6 cells/cm 2 , and fed with 
ctMEM+10% FBS every 2-3 days. At days 4 and 15. cells were 
mechanically removed from the plates, by gentle scraping, 
using a plastic pipette. Cells from days 1 (day of plating), 4 and 



1 5, on cytocentrifuge preparations, were fixed with 2% parafor- 
maldehyde, and stained with WrightsVGiemsa for cell morphol- 
ogy (A, D, G), TRAP (B, E, H), and NaF-R-NSE (C, F, I). Arrow in 
D points to a blast. The NSE of the monocytic population at day 
1 is largely sensitive to NaF (C), but resistant cells, at days 4 and 
15 stain dark brown to black (F and I). Photographs were 
obtained using a NIKON MICROPHOT-FXA microscope. 
1 .6 cm represents 50 pm. 



demonstrated by CD3 and CD 19 immunostain- 
ing (not shown). 

In these cultures, multinuclear cells with well 
defined round borders, appear to arise by 
nuclear division without cytokinesis (Fig. 4 A 
and B), Figure 4 A is one example of several, 
showing a di- nuclear cell, with incompletely 
separated daughter nuclei, possibly at the end 
of nuclear division. Endomitosis is further illus- 
trated in a larger multinucleated ceil (Fig. 4B). 
These ceils are indistinguishable morphologi- 
cally from TRAP 4- , NaF-R-NSE, and VR+ cells 
on parallel cytocentrifuge preparations. 

Figure 5 shows the time course of VR expres- 
sion detected immunocytochemically, over a two 
week period. Cells on days 3 (not shown) and 6 
(Fig. 5A) do not express detectable VRs. How- 



ever, by day 8 (Fig. 5B), many mononucleated 
cells express VRs. By days 10, 13 (Fig. 5C and 
D), and 15 (Fig. 5E), mononuclear cells, di- 
nuciear cells and multinucleated cells express 
VR. A control panel (Fig. 5F) shows no evidence 
of staining with an isotype control antibody on 
cells cultured for 15 days. 

CathK is a cysteine protease expressed selec- 
tively and abundantly in osteoclasts [Drake et 
al., 1996]. Using affinity-purified anti-cathK an- 
tibodies (see Materials and Methods), Western 
blot analysis demonstrates a doublet at the 
expected Mr of about 30 kDa (Fig. 6). Proteins 
were isolated from cells cultured for different 
lengths of time - 20 days (Fig 6A, lane 2), and 7. 
14, 21 and 24 days (Fig 6B). The upper band of 
the doublet seems to increase with time, when 
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Fig. 4. Multinucleated ceils found in culture have well-defined borders and stain intensely for Wright's/Giemsa, 
TRAP, and NaF-R-NSE. Wright's/Giemsa staining of a dinuclear (A); and a multinuclear (B) cell. TRAP expression in a 
multinucleated cell with a well-defined border (C). NaF-R-NSE is expressed abundantly in a multinucleated cell (D). 
Endomitosis is suggested by the morphology of the nuclei in A and B as one possible mechanism for the generation of 
multinuclear ity in preosteoclasts/osteoclasts. Photographs were obtained using a NIKON MICROPHOT-FXA micro- 
scope. 1 .25 cm represents 25 pm. 



compared to the lower band. The significance of 
this is unknown. Specificity of detection is ascer- 
tained by competition with peptide immunogen 
(Fig. 6 A, lane 3), and, absence of reaction with 
proteins isolated at the time of plating (Fig. 6A, 
lane 1). A second experiment yielded similar re- 
sults. Thus, this protein, like TRAP (Figure 3) and 
the VR (Figure 5), is induced within one week of 
culture. 

One other marker, believed necessary for 
identifying cells of the osteoclast lineage, in 
culture (CR), is the membrane bound, calcito- 
nin receptor [Suda et al., 1991]. Day 12 cells in 
these cultures exhibit specific 125 1 -calcitonin 
binding and CR mRNA. Specific 125 I calcitonin 
binding is seen mainly over mononuclear, but 
also some multinucleated cells (Fig, 7A, B), 
with no cellular binding visible in the presence 
of excess unlabelied calcitonin (Fig. 7C, D). 



Furthermore, in situ hybridization using anti- 
sense mouse CR riboprobe demonstrates the 
presence of CR mRNA in these human cells 
(Fig. 7E F), and, osteoclast containing mouse 
cocultures [Lacey et al, 1995] (Fig. 71 and J). 
Cells in human (Fig. 7G, H) and mouse (Fig. 
7K, L) control cultures show no evidence of 
hybridization, when sense CR probes are used. 

Ribonuclease protection assays demonstrate 
cellular mRNA levels of osteoclast expressed 
genes, (33 subunit of VR, cathK, TRAP, c-src (an 
intracellular signal transduction molecule) [So- 
riano et al., 1991], and PU.l (a transcription 
factor) [Tondravi et al., 1997], at days 1, 5, 9, 12, 
15 and 18 of culture (Fig. 8). 03 and CathK 
mRNA levels are low at day 5, rising thereafter, 
consistent with the results of immunocytochem- 
istry and Western blot analysis, respectively. 
The high level of 03 in control day 1 sample, is 
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Fig. 5. Expression of VR by immunolocalization with 23c6 
antibody, in cells forming in PBMC cultures. Mononuclear cells 
from leukapheresis product were grown for 3 weeks in 
ctMEM+10% FBS. Cytocentrifuge preparations were prepared 
from day 6 (A), 8 (B), 10 (C), 13 (D) and 15 (E, F) cultures, and 
fixed with acetone. Cells were then incubated with primary 
23c6 antibody to the VR ( a v (J^ integrin) or isotype control lgG1 




antibody (F) at final concentrations of 10 mg/mi, and the anti- 
body detected with AEC chromogen alkaline phosphatase sub- 
strate (LSAB 2 kit, Dako, Carpenteria, CA). Cells incubated with 
lgG1 isotype control were negative for 23c6 antibody mem- 
brane staining. 1.4 cm represents 50pm, Photographs were 
obtained using a NIKON MICROPHOT-FXA microscope. 
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Fig. 6. CathK expression in human PBMC cultures. A. Proteins 
were isolated from cultures on day 1 (lane 1) or day 20 (lanes 2 
and 3). The Western blot was then probed with an affinity 
purified anti-peptide antibody to CathK (see Materials and 
Methods) in the absence (lane 1 and 2) or presence of compet- 



consistent with the VR+ cells found in buffy 
coat preparations [Athanasou etal., 1990] that 
are lost during the first 5 days of culture. TRAP 
mRNA is absent at the time of plating but 
appears by day 5, consistent with the histo- 
chemical staining (see above). Both c-src [Sori- 
ano et al., 1991] and PU.l [Tondravi et al, 
1997] deficient animals develop osteopetrosis, 
due to a defect in osteoclast function, or forma- 
tion, respectively. In the former case, osteo- 
clasts form, but are incapable of resorbing bone, 
while PU. 1 knockout animals lack osteoclasts 
and macrophages. PU. 1 and c-src mRNA tran- 
scripts are present in cells at the time of plat- 
ing, and subsequently, in adherent cells devel- 
oping with preosteoclast/osteoclast phenotype. 
PU.l and c-src mRNA levels did not change 
significantly with time in culture. These results 
were confirmed in a second experiment. Tran- 
scripts for OPGL, a recently described osteo- 
clast differentiation factor [Lacey et al., 1998; 
Yasuda et al., 1998] were also present, most 
abundant at days 5 and 9, and declining there- 
after. 



B 

12 3 4 




ing peptide (lane 3). A doublet of specifically immunoreactive 
proteins is detected at a Mr of about 30 kd. B. Western blot 
showing the expression of CathK at different times in culture. 
The proteins at 30 kd in lanes 1, 2, 3 and 4 represent antibody 
binding to proteins isolated on days 7, 14, 21 and 24. 



DISCUSSION 

In this study, we identify time-dependent 
changes in cell morphology and expression of 
osteoclast markers that, we propose, illustrate 
the progressive differentiation of early precur- 
sors into preosteoclasts and osteoclasts. 

It has been reported that active human osteo- 
clasts in vivo may have a low nuclei content 
[Kaye, 1984] similar to the cells we have de- 
scribed. Furthermore, the morphological, histo- 
chemical and/or immunostaining characteris- 
tics, that we have observed, are consistent with 
descriptions human osteoclasts in vitro cul- 
tured on bone from human [Sarma and Flana- 
gan, 1996] and rabbit bone marrow [Fuller and 
Chambers, 1987]. Moreover, the human mono- 
nuclear osteoclast is identical to that of the 
mouse [Domon and Wakita, 1991a], when com- 
paring transmission electron micrographs, 
(studies in progress), and, found to be positive 
for CR (by 125 I calcitonin binding, and in situ 
hybridization) (Fig. 7). These cells of low multi- 
nuclearity contrast with the larger multinucle- 
ated ceils obtained in other PB [Fujikawa et al., 
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Fig. 7. Mononuclear and multinucleated cells formed in PBMC 
cultures demonstrate the presence of calcitonin receptors (CRs) 
and CR mRNA. PBMC, cultured for 12 days, demonstrate 
human 125 l calcitonin binding to mononuclear and some multi- 
nucleated cells (A: bright field; B: dark field). Celts in control 
cultures (incubated in the presence of excess cold calcitonin) 
show absence of radioligand binding (C: bright Held; D: dark 




field). In situ hybridization to CR mRNA is shown with antisense 
(E: bright field; F; dark field), and sense human probes (G: bright 
field; H: dark field). In situ hybridization to CR mRNA with 
antisense (I: bright field; J: dark field), and sense mouse probes 
(K: bright field; L: dark field), in osteoclasts generated in 7 day 
cocultures of mouse marrow and ST2 cells. Scale bar represents 
100 pm. 



1996; Purton et al.. 1996; Gregoretti et al., 
1995], bone marrow [Roodman, 1995; Kassem 
et al., 1991] osteoclastoma [Grano et aL, 1994], 
or cord blood [Roux et al., 1996; Orcel et al., 
1990] systems, and also with many of the cells 
grown on plastic in this study. 

It has been shown that osteoclast formation 
and activation are separable events, in rodents 
[Owens et aL, 1996], and that stromal cells are 
not essential for the development of ceils with 
osteoclast phenotype from one cord blood sys- 
tem [Roux et al., 1996] or PB [Matayoshi et al, 
1996], although one other report for PB [Fuji- 
kawa et al, 1996] found them essential. It is 
not surprising, therefore, that resorption is lim- 
ited, in the absence of stromal cells. The low 
level of resorption could reflect the few mature 



cells of osteoclast phenotype and low multinucle- 
arity that develop on bone in the absence of 
stromal cells. The rest of the cells with osteo- 
clast features may be preosteoclasts that have 
not yet completed differentiation due to insuffi- 
cient stimuli; some of which can be provided by 
stromal cells. Alternatively, resorption could be 
mediated by the few larger multinucleated cells 
that form into osteoclasts. 

In contrast to other PB osteoclast systems, 
our initial plating density is up to 100 fold 
higher [Matayoshi et al., 1996; Fujikawa et aL, 
1996], and this could account for the abundance 
of cells with an osteoclast phenotype. The 
threshhold for some necessary differentiation 
factor(s), for formation (such as CSF-1 and 
OPGL), may be met when cells are plated at 
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Fig. 8. Transcripts for osteoclast expressed genes accumulate in cells with preosteoclast/osteoclast phenotype, that 
arise from PBMC cultures. RNase protection assays were performed on total cellular RNA, isolated from PBMC 
cultures on days 1 (time of plating), 5, 9, 1 2, 1 5 and 18, with probes for osteoclast expressed genes, (53, CathK, TRAP, 
c-src, PU.1, and OPGL. Transcript levels were normalized to cyclophilin mRNA levels, assayed in each reaction as a 
control. 
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high density as in this study, since monocytes, 
macrophages and T-lymphocytes produce 
CSF-1, and T-lymphocytes, as well as adherent 
cells in this study produce OPGL. Although 
less likely it is also possible that factor-express- 
ing endothelial cells are transferred with donor 
blood during collection. 

The absence of TRAP in day 0 PBMC, and its 
appearance by day 4 in FBS containing me- 
dium in culture is consistent with the inducible 
nature of this enzyme during cell growth, acti- 
vation and/or differentiation [Drexler and Gig- 
nac, 1 994] . The induction of NaF-R-NSE expres- 
sion, VR and cathK mRNA and protein, also 
occurs gradually and in parallel with the forma- 
tion of TRAP +■ cells in culture. This is consis- 
tent with reports that osteoclast precursor ceils 
are masked in the monocyte fraction [Fujikawa 
et al., 1996]. The cells in our cultures do not 
exhibit NSE inhibition with the concentration 
of NaF that inhibits the monocyte enzyme, sug- 
gesting, that they are derived from specialized 
monocytes. 

CR is expressed on the surface of a subset of 
human VR+ osteoclasts [Sarma and Flanagan, 
1996], and, is present on mature mouse osteo- 
clast precursors [Suda et aL, 1992]. This is 
consistent with the presence of CR on, and CR 
mRNA in, cells with preosteoclast/osteoclast 
phenotype in this study (Fig. 7). 

VR+ cells are present in low numbers in 
buffy coat preparations [Athanasou et al., 1990], 
consistent with [33 mRNA expression in day 1 
samples. PU.l is a myeloid and B-cell-specific 
transcription factor. PU.l mRNA levels are ele- 
vated at the time of plating, likely due to the 
presence of many B lymphocytes; however, there 
are very few B cells associated with the adher- 
ent preosteoclast/osteoclast-like cells by day 5, 
and, from this time on, PU.l mRNA levels re- 
flect its presence in developing osteoclast lin- 
eage cells. Likewise, c-src mRNA levels, at the 
time of plating, likely reflect its presence in 
contaminating platelets and/or other cells, but 
by day 5, the contribution of c-src mRNA is 
made by adherent preosteoclast/osteoclast-like 
cells. 

The question of endomitosis occurring in cells 
of the osteoclast lineage has been raised previ- 
ously: In one study, freshly isolated rat osteo- 
clasts were found to contain tetraploid nuclei 
[Zheng et al.. 1991]. In another study, endomito- 
sis was suggested by 3 H thymidine labelling 
experiments [Grano et aL, 1994], using human 



osteoclastoma cells in culture. The morphology 
of the nuclei in Figure 4A and B strongly sug- 
gests that endomitosis may be one mechanism 
by which dinuclear and multinuclear cells arise 
in these cultures. 

In conclusion, we have identified several 
markers that together demonstrate that hu- 
man osteoclasts and their precursors can differ- 
entiate in cultures of PBMC within two weeks. 
Our conclusions are derived from thorough 
analyses of cell morphology, histochemistry, and 
immunocytochemistry performed every 2-3 
days, from at least 4 independent experiments. 
We believe this in vifro system will facilitate 
the identification and characterization of fac- 
tors promoting the differentiation and activa- 
tion of human osteoclasts. This, in turn, will 
increase diagnostic and therapeutic options for 
osteolytic disease. 
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